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The three-dimensional step structure at the buried Pb on Si~111! 636-Au interface is determined by
utilizing the presence of quantum well states. We demonstrate that the spatial step positions as well
as the step heights can be extracted nondestructively and with atomic layer precision by scanning
tunneling microscopy and spectroscopy. © 2002 American Institute of Physics.
@DOI: 10.1063/1.1506404#Thin metal films on semiconductor substrates are crucial
components of many semiconductor devices. The physical
properties of these thin films are to a large degree governed
by the film morphology, which in turn is directly affected by
the roughness of the buried metal–semiconductor interface.
Despite large efforts in determining the interfaces’ step struc-
ture with a variety of nondestructive tools, the real space
three-dimensional step-structure determination of interfaces
still remains a formidable task.
Recently, there has been much progress in synthesizing
ultrathin metal films on semiconductor substrates. In particu-
lar, it has been shown that atomically flat thin metallic films
with nanometer scale thickness can be successfully
grown.1–5 In such an ultrathin metal film, electrons are sub-
jected to strong confinement along the vertical direction, re-
sulting in quantum well states ~QWS!.2 Indeed, such QWS
have been observed using photoemission2,6,7 and scanning
tunneling spectroscopy.8–11 Since the energy levels of QWS
depend sensitively upon the film thickness, it is therefore
possible, from the measurement of local QWS, to determine
the local thickness of the thin film from which the underlying
step structure can be deduced.12 Indeed, by studying indi-
vidual Pb islands on Si~111! substrates, Altfelder et al.,
found that the variation of QWS correlates with the substrate
step structure visible at the edges of the metal island.9 This
correlation is, however, based on the ability to measure di-
rectly in scanning tunneling microscopy ~STM! images the
height of individual islands on the substrate ~with wetting
layer!. Unfortunately such a simple correlation is no longer
possible for a fully covering two-dimensional metal film,
which is the ultimate goal for applications in semiconductor
devices. In this letter we demonstrate the nondestructive
methodology on how to determine the step structure at bur-
ied metal–semiconductor interfaces for fully covering two-
dimensional thin metal films using STM.
As a model system we grew Pb films on Si~111!
636-Au surfaces at room temperature. On such a surface,
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two-dimensional thin Pb films ~such as the one shown in Fig.
1! and not to isolated islands as found for direct Pb growth
on clean Si~111! 737 surfaces ~see Ref. 9!. Note that the
surface steps visible in the Pb film in Fig. 1 are not con-
nected in any way to the substrate steps. Thus, one cannot
extract the step structure at the buried interface directly from
the constant-current STM image. In order to extract the in-
terface step structure we follow a different approach.
We measured on individual terraces of such surfaces
constant current STM images simultaneously with I – V spec-
tra at every pixel point. Figure 2~a! shows such a constant
current STM image of an 80380 nm2 area. The contrast vis-
ible arises from a superstructure ~no atomic resolution!. In
addition two slightly darker lines are visible with a very
subtle contrast ~see arrows!. They roughly divide the image
FIG. 1. Gray-scale constant-current scanning tunneling microscopy images
of 3 monolayers Pb grown at room temperature on a Si(111)636-Au sur-
face. The surface exhibits large flat terraces of the Pb film, although steps on
the Si substrates are buried below. Note that the Pb steps have no correlation
with the steps at the buried interface. The linear gray scale from black to
white covers a height change of 1.43 nm.5 © 2002 American Institute of Physics
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tion, one finds very small step heights ~;0.02–0.05 nm!,
about a factor of 10 smaller than the regular step heights for
Pb~111! surface observed in Fig. 1. While these tiny surface
steps imply a likely existence of underlying steps due to the
mismatch in the layer thickness between Si~111! and the
Pb~111!, it is impossible to determine the actual step heights
at the interface based on STM images. As we discuss later,
the scanning tunneling spectroscopy allows us to accurately
determine the underlying step structures.
Figure 3 shows three (dI/dV)/(I/V) spectra measured
on the three different surface areas @labeled A, B, and C in
Fig. 2~a!# separated by the subtle lines of darker contrast.
The spectra exhibit peaks in the density of states. These
peaks arise from quantum well states induced by the spatial
confinement of the thin Pb film.9–11 The energy separation
between neighboring quantum well states, D, is decreasing
from spectra A to C. From this we can conclude that the
thickness of the Pb film, i.e., the width of the confining po-
tential, is increasing from spectra A to C. Thus, between the
upper part of the STM image in Fig. 2~a! and its lower part at
least two steps must be present at the buried Pb–Si interface
in order to increase the thickness of the Pb film.
These buried steps can be directly observed using spec-
troscopic imaging. We extracted from the individual current–
voltage spectra the value of dI/dV14 and plotted this as a
function of the position on the surface for three different
energy intervals @Figs. 2~b!–2~d!#. The three energy intervals
were chosen such that a clear contrast is obtained between
FIG. 2. ~a! Constant-current scanning tunneling microscopy image of an
approximately 10 monolayer thick Pb film on Si(111)636-Au. Two subtle
height changes are marked by arrows. ~b!–~d! dI/dV images for voltage
ranges of ~b! 20.07 to 20.19, ~c! 10.03 to 10.26, and ~d! 10.38 to 10.54
V. ~e! and ~f! show schematically the positions and heights in top view and
cross-sectional view, respectively, of the step structure at the buried interface
in the area shown in frame ~a!. The three terraces at the interface are marked
by A, B, and C.Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject tothe three different surface regions labeled A–C in Fig. 2~a!.
This is achieved by choosing three different energy intervals,
which each contain one QWS ~peak in the spectra of Fig. 3!
in one of the three different surface areas, respectively. As a
consequence, different contrasts @density of states high ~low!
for bright ~dark! contrast# are obtained for the different sur-
face areas. In these three dI/dV images one can see two
boundaries ~marked by arrows!. The lower one exhibits a
pronounced switch of the density of states from lower to
higher @Fig. 2~c!# or higher to lower one @Figs. 2~b! and
2~d!#. The other boundary, although hardly observable in
Figs. 2~c! and 2~d!, leads to a weak, albeit discernable con-
trast in Fig. 2~b!. Since the dI/dV images arise from differ-
ent positions of the quantum well states, they show changes
in the film thickness arising from steps at the Pb–Si inter-
face. Thus, one can conclude that two steps are present and
their spatial positions are visible in the dI/dV images. The
schematic step positions are shown in Fig. 2~e!.
In order to obtain a full three-dimensional information of
the interface step structure, we need to extract the heights of
the steps. We obtain this information from the spectra in Fig.
3. We proceed as follows: First we use the energy difference
between neighboring quantum well states to extract the rela-
tive thickness changes in the Pb film. Second the spectra
allow us to extract if a given step height is an even or odd
number of Si~111! layers. The energy difference between
neighboring quantum well states near the Fermi energy is
given by D5(p\nF)/(Na0),9 with N being the number of
layers of the metal film, a0 the thickness of a layer, and nF
the Fermi velocity of 1.93106 m/s.9 The energy differences
D between two quantum well states are 0.78560.030,
0.70560.030, and 0.65560.030 eV derived from the spectra
A to C, respectively. Using these values and the above equa-
tion we obtain for the step from the area A to B and B to C
a height of 261 and 1.561 monolayers, respectively. Next
we base our analysis on the absolute peak positions in Fig. 3.
As the number of layers in the Pb film varies, the states near
the Fermi level shift in energy. The energy shift is given by
d5(2a0 /lF)D . Since the Fermi wavelength lF is close to
four times of a0 ,9 the energy of a quantum well close to the
FIG. 3. (dI/dV)/(I/V) spectra derived from current vs voltage spectra of
the three areas labeled A, B, and C in Fig. 2~a!. The dashes indicate the
positions of the quantum well states. AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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film changes by one monolayer. As a consequence two metal
films with a thickness of N and N12 monolayers exhibit
essentially the same peak positions ~energy positions of the
quantum well states!.9,11 Only a slight increase in the peak
separation is found. Applying this to our spectra, we can
conclude that the spectra A and B must arise from metal
films whose thicknesses differ by an even number of mono-
layers, while spectrum C as compared to spectra A and B
differ by an odd number of monolayers in the film thickness.
Combining the information about the energy separation and
peak position we can extract that the step between areas A
and B is 2 monolayers high, whereas the step between areas
B and C is 1 monolayer high. Adding the trend that the peak
separation is increasing from spectra C to A, we know that
the thickness of the Pb film increases from A to C. Thus, the
underlying step structure at the buried interface is given by
the schematic drawing in Fig. 2f.
Finally, the slight corrugation in the constant-current
STM image at the steps’ position arises from the lattice mis-
match along the Si~111! and Pb~111! direction @the Pb film
has a ~111! orientation#. The lattice spacings are 0.313 vs
0.286 nm for Si and Pb, respectively, yielding a height offset
at the surface of 0.027 and 0.054 nm for a single and double
height step at the interface. These values are in good agree-
ment with the height change observed in the constant-current
STM image.
In conclusion, we demonstrated that one can determine
with atomic layer precision the three-dimensional step struc-
ture at buried metal–semiconductor interfaces even for fully
covering flat two-dimensional thin film morphologies by ex-
ploiting the presence and thickness dependence of quantizedDownloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject toelectron states in the metal film. For the whole procedure, we
do not need to know the exact film thickness, which was
close to 10 monolayers in our case. Neither do we need to
measure the height of any island. As a consequence the
methodology can be applied to any kind of buried metal–
semiconductor interface and, as long as quantum well states
are present due to a confinement between the buried interface
and the vacuum barrier, also to metal–metal heterointerfaces.
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